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X1SA TRACKIKS SHIP N A V I ! X X a (  SYSTEMS 
;&,n J. Pfclienna 
NAS&!GoadarC Space F l i a t  Center 
The Ship  Pos i t ion  and A t t i t ude  i4easuremn.I System t h a t  i s  
i n s t a l l e d  aboard Goddarc Space F l i g h t  Center's t rack ing  sh ip  VAN- 
GUARD w i l l  be described. 
given along d i th  a descr ip t ion  o f  hor precise tim and frequency 
i s  u t i l i z e d .  The instrumentat icn w i l l  be broken a w n  i n t o  i t s  
bas ic  coc@onents. 
nav igat ion system. 'idhat i t  i s ,  h w  i t  warks, and the requirement 
for precise tine w i l l  be &scribed. Each nav igat ion system used, 
a Marine S t a r  Tracker, Navigat ion S a t e l l i t e  System, Loran C and 
OEEGA i n  conjdnction w i t h  tne i n e r t i a l  systerr, w i l l  be described. 
The accuracy of each system w i l l  be compared along w i t h  t h e i r  l i m i -  
t a  ti ons . 
An overview o f  the e n t i r e  systen; w i l l  be 
P a r t i c u l a r  et7pC;asis w i l l  be given t o  the iner t ia l  
INTROWG'ION 
Ladies and Gentlemen, I have come b e f e w  you today f o r  the purpose 
o f  in t roduc ing  you t o  the Ships Dosi t ion and A t t i t ude  Measuwmnt 
System (SPAMS). This system i s  used on NASA's Tracking sh ip  VAN- 
GUARD. I t s  funct ion i s  to provide on a continuous basis a t t i t u d e  
data (rol l ,  p i t ch ,  and heading), ve loc i t y  data ( v e l o c i t y  North, velo- 
c i t y  East and t o t a i  ve loc i t y )  , and pos i t i on  ( l a t i  tude and longitude) 
t o  the Ship's Central Data Processor where i t  i s  used f o r  d i r e c t i n g  
the t rack ing  antennas. 
During the Apol lo proaram, the assumption was made t h a t  the only 
source of e r r o r  i n  the data was due t o  the sh ip 's  pos i t ion .  Require- 
m n t s  were place.:! on the VANGUARD instrumentat ion such t h a t  the over- 
a l l  accuracy (i.e., e r r o r  budget f o r  both Navigat ion and Tracking 
antennae) would appear t o  be no rimre than 0.75 nau t i ca l  miles i n  
pos i t i on  and angle data would appear t o  be no more than 0.4 m i l s  
(0.023 degrees). 
spect t o  i t s  nav igat ion and a t t i t u d e  data w s t  be wel: w i t h i n  the 
overa l l  accuracy assigned t o  the s h i p ' s  ihstrumentation. 
Therefore, the e r r o r  budget f o r  the  SPAMS w i th  re- 
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Before discussing the SPAK5, a few d e f i n i t i o n s  are needed. Tke geoid 
i s  the f i g u r e  o f  the ea r th  as def ined by the undistrubea surface o f  
the waters o f  the oceans over the e n t i r e  surface o f  the earth.  Be- 
cause the d i r e c t i o n  o f  g r a v i t y  i s  n o t  everywhere perpendicular, the 
geoid i s  not q u i t e  an e l l i p s o i d  o f  revolut ion.  
r e l a t e  t o  a mode? o f  the ear th  t h a t  i s  defined by an e l l i p s o i d  o f  
revo1I;tiosi (spheroid). 
we c a l l  Lc t i t ude  and Longitude. 
l a t i  tude 
Most navigat ion systems 
On t h a t  e l l i p o i d  i s  fken inposed a g r i d  t h a t  
Them are a nunher o f  d e f i n i t i o n s  f o r  
1) T e r r e s t r i a l  l a t i t u d e  i s  the angular distance from the equator 
masur9d northward c,r southward through 30'. 
2) Astronomical l a t i t u d e  i s  the angular distance between the d i rec-  
3) 
tion o f  g rav i t y  and the plane o f  the  equator and, 
Geodetic l a t i t u d e  i s  the artguiar distance between the plane of the 
equator and a normal t o  the spheroid. 
Longitude has s i m i l a -  d e f i n i t i o n s  b u t  i s  measured from an adopted re- 
ference p o i n t  o r  prime meridian and i s  measured easbvard or westward 
through 1m0. 
Dead reckoning o r  deduced p o s i t i o n  i s  the determination o f  p o s i t i o n  by 
advancing a previous p o r i t i o n  f o r  courses and distances. 
INTEGRATED NAVIGATION SYSTEM 
Figure 1 s h a s  t h a t  the  In tegrated Navigation System (INS) i s  r e a l l y  
made up of two systems; a Marine S t a r  l r a c k e r  (KST) and Ships I n e r t i a l  
Navigation System (S INT) .  
i n  the system. The binnacle contains the i n e r t i a l  p la t fo rm on which 
four  gyros and three PIPA's are located. 
Figure 2 shows photographs o f  each component 
The SINS i s  a dead reckoning system and i s  composed o f  an i n e r t i a l  
p la t fo rm which i s  stabi  l i x d  by three (3)  single-degree-of-freedom 
gyros; t hme acceleromEters, which sense accelerz t ion i n  the leve l  
( x  and y) and v e r t i c a l  ( 2 )  di rect ions;  a g i t h a l i n g  system t o  i s o l a t e  
p la t form motion f r o m  sh ip 's  motion, and associated e lect ron ics and 
hardware ( t o q u e r  motors, servos, p i c k o f t  SensGrs, e tc . ) .  A l so  con- 
tained, as p a r t  o f  the  MK3 Mod 5 SINS,  i s  a monitor system composed 
of a four th  gyro  and accelerometer which a r e  mounted on a separate 
plat form. 
accelerometer, i s  mounted on the main ( i n e r t i a l )  p lat form, and i t  has 
freedom of motion i n  the leve l  (x-yj and ( z )  directSon plane. The 
monitor system provides the c a p a b i l i t y  f o r  i n t e r n a l  c a l i b r a t i o n  o f  the 
gyros and accelerometers. F ig .  3. 




SINS MK 3 MOD 5 
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The SINS i s  an ana log ld ig i t a l  computer. Besides a tim'ng i n p u t  i t  
requires a damping s ignal  which i s  provided by a E lec t ro  Magnetic (EM) 
log, an azimuth reference, and p o s i t i o n  f i x  informat ion t h a t  i s  pro- 
vided by a Marine S ta r  Tracker, Navigation S a t e l l i t e  System, LORAN-C, 
and OMEGA. 
Here we must speak o f  Navigation. 
or science o f  determining a sh ip ' s  o r  a i r c r a f t ' s  p o s i t i o n  a t  any t i m e  
and o f  conducting a sh ip o r  a i r c r a f t  from one post ion t o  another 
Science i s  involved i n  developinq the instrumentat ion t o  accomplish 
t h i s  purpose. The appl icat ion,  the i n t e r p r e t a t i o n  o f  in format icn re- 
ceived, and i t s  analysis cons t i t u te  an a r t  r equ i r i ng  both s k i l l  n d  
experience. 
Dutton defines Navigation as the a r t  
No one Aid t o  Navigation o r  conhination o f  such Aid's provides a l l  the 
information t o  give a p e r f e c t  f i x ,  t h a t  i s  an exact Lat i tude and Longi- 
tude. Each Aid t o  Navigation has unique advantages and disadvantages 
which must be considered by the user. 
reasonable estimate of one's Lat i tude and Longitude. Even then r e s u l t s  
d i f f e r  depending on which e l l i p s o i d  i s  used as the ieference e l l i p s o i d .  
The primary mode o f  navigat ion f o r  the in tegrated Navigation System i s  
the S t e l l a r - I n e r t i a l  mode. I n  t h i s  mode up t o  s i x  preselected s t a r s  
can be tracked by the Marine S ta r  Tracker-. This instrument i s  an 
e l e c t r o n i c  sextant. 
t o  the selected s ta rs  and transmits t h i s  data t o  the MINDAC computer 
where i n  conjunction w i t h  precise t ime,  s t ?  zphemis and bessel ian 
day number, a p g s i t i o n  f i x  i s  calculated a t  s i x  minute i n t e r v a l s .  The 
per iod o f  one complete c i r c u i t  o f  the f i c t i t i o u s  mean sun i n  r i g h t  
ascension beginning a t  the i n s t a n t  when the r i g h t  ast;ension i s  18H 40M 
i s  known as the Besselian s o l a r  year. This p o s i t i o n  f i x  provides 
Lat i tude, Longitude and a reference azimuth which can be e i t h e r  auto- 
ma t i ca l l y  i nse r ted  i n t o  the Sperry Kalman Optimal Reset (SKOR) f i l t e r  
a t  s i x  minute i n t e r i a l s  o r  manual control  can be df fected a t  the 
operator 's d iscret ion.  F i g  4. 
Unl ike normal ce les t i s r  ndvigat ion where a good hor izon avai lab le 
during t w i l i g h t  periods ( o r  a bubble Sextent) i s  required t o  obtain a 
f i x  bsing the s tars ,  the Marine Star Tracker can be use4 day o r  n ight .  
I t  has an accuracy under ideaJ condit ions for a s'ngle f i x  i n  the 
neighborhood o f  0.05 NM. 
It i s  then possible t o  make a 
I t  measures observed p leva t i on  and azimuth angle 
The l i m i t a t i o n s  on i t s  accuracy are many. F i r s t ,  i t  i s  no t  possible 
t o  t rack when i t  i s  overcast, second r e f r a c t i o n  and other parameters 
are n o t  always constant, t h i r d  there are  sys: rn c c l i b r a t i o n  e r ro rs ,  
and fou r th  there i s  an e r r o r  due t o  a deflect,.m o f  the v e r t i c a l .  The 
de f l ec t i on  o f  v e r t i c a l  i s  the  d i f ference between t h e  actual geoid and 
G 
Figure 4. Marine Star Tracker Simplified Block Diagram 
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the reference ellipsoid. 
NAVIGATION SATELLITE SYSTEM 
The Navigation Satel l i te  System utilizes knowledge of the position and 
velocity of a s a t e l l i t e  t o  o b t a i n  a geographic f ix .  The orbit para- 
meters or ephemeris o f  the sa te l l i t e  are transmitted by the sa te l l i t e .  
The range from the observer t o  the sa t e l l i t e  i s  determined by measur- 
i n g  the doppler frequency sh i f t  in the transmitted radio signals. 
This doppler frequency sh i f t  i s  dependent upon the transmitted fre- 
quency, p o s i t i o n  and velocity o f  the s a t e l l i t e ,  and position and velo- 
city of the observer. The time reference and Satel l i te  ephemeris are 
transmitted f r m  the sa t e l l i t e  a t  two iiiinute interva:s. Fig. 5. 
To obtain a f i x ,  an observer assurws a set  of positions for the two 
minute intervals a t  wh ich  doppler freqi,tAicies were recorded. From 
these positions and orbit  d a t a  he computes se t  of doppler frequencies. 
The computed doppler frequencies are then ccjrnpared t o  the observed 
doppler frequencies on an i terative basis t o  obtain a best f i t .  
this fit  i s  obtained a fix i s  generated. Fig, 6. 
When 
The accuracy o f  this system i s  dependent on 
the gecnettry of the pass a) 
b )  accuracy to which the sa te l l i t e  o r b i t  i s  knc $11 
c) accuracy t o  w h i c h  the doppler frequency can be determined 
d)  accuracy of the computati opa l  methods u t i  1 ;Led. 
The degree t o  which doppler frequency iwasurewnt changes in an obser- 
ver's position i s  a function of the observer's position relative t o  the 
sa te l l i t e  orbit. 
velocity normal t o  the orbit plane; therefore, the longitude of the f ix  
is very poor. 
very small when on the horizon of the observer. For best results the 
observer t o  sa te l l i t e  elevation should be Sreater than  15 degrees and 
less than 45 degrees; however, satisfactory results can be obtained 
a t  elevations of 70 degrees. 
An Observer in the sa te l l i t e  orbit plane sees no 
Similarly the satellite-observer velocity change i s  
Orbit parameter predictions are transnii tted from the s a t e l l i t e ' s  
memory on a continuous basis a t  even two minute intervals. 








i n t e r v a l s  w i t h  updated o r b i t  parameter predic t ions LJ a ground 
stat ion.  Any e r ro rs  i n  these computations and any pert i i rbat ions 
i n  the s a t e l l i t z  o r b i t  w i l l  be r e f l e c t e d  as an e r r o r  i n  the t i x  
t h a t  i s  determined by the observer. 
I n  addi t ion t o  the o r b i t  parameter predic t ions +'?re are uncer ta in t ies 
i n  doppler frequency masurements which r e s u l t  ;I, Errors  i n  the f i x .  
There a m  r e f r a c t i o n  effects frequency var ia t ion,  and observer velo- 
c i t y  p red ic t i on  e r ro rs .  
Ionospheric r e f r a c t i o n  e f f e c t s  cause a path length d i s t o r t i o n  of the 
rad io  s ignal  t ransmit ted from the s a t e l l i t e .  To reduce t h i s  e r r o r  the 
Navy Nav ig i t i on  S a t e l l i t e  System u t i l i z e s  a two frequency s a t e l l i t e  
transmission and a l i n e a r  approximation o f  the f requency-refract ion 
re la t i onsh ip  as a correct ion t o  the doppler frequency measurement. 
Fig. 7. 
The navigat ion s a t e l l i t e  system i s  a doppler frequency measurement 
system. An i n s t a b i l i t y  i n  the reference frequency w i l l  cause an 
e r r o r  i n  the pos i t i on  f i x .  On the VANGUARD, the AN/SRN-9 Navigation 
S a t e l l i t e  Systems are d i r e c t l y  i n te r faced  with the instrumentat ion 
t iming system which has greater long and shor t  term s t a b i l i t y  than 
those freqency s tcindards normally suppi i e d  w i  t h  navigat ion sa te l  11 t e  
receivers . 
To reduce e r r o r  i n  t i m e  measurement the s a t e l l i t e  transmits a t ime 
s ignal  with an accuracy of apprrxiFate1y 50 us as p a r t  o f  i t s  data 
transmission. The observer r e v  'ves the signal, corrects i t  f o r  pro- 
pagation and then can use i t  t o  co r rec t  the sh ip 's  clock. 
During a s a t e l  I .  be pass an e r r o r  i n  the observer's v e l o c i t y  and the 
e f f e c t s  o f  wind and current  w i l l  r e s u l t  i n  a e r r o r  i n  the p o s i t i o n  
fir.. To minimize t h i s  e r r o r  sourze the VANGUARD uses the i n e r t i a l  
system which i s  independent o f  the e f f e c t s  o f  wind and current.  A t  
l e a s t  h a l f  o f  the t o t a l  e r r o r  can be a t t r i b u t e d  t o  t h i s  source. 
Tilere are other sources o f  e r r o r  such as noisc, a l t i t u d e  o f  observer 
and s ignal  propagation. These are n e g l i g i b i e  i r ?  c f f e c t  and w i l l  no t  
be discussed. 
There are many opinions as t o  the accuracy o f  t h i s  system. On the 
VANGUARD where an i n e r t i a l  system i s  used t o  co r rec t  f o r  the observer's 
ve loc i t y ,  i n d i v i d u a l  s a t e l l i t e  f i xes  o f  0.05 t o  0.1 nau t i ca l  when 
compared t o  LORAC have been obtained. 
range hyperbol ic  nav icat ion system t h a t  i s  used f o r  t e s t  purposes. 
The i n e r t i a l  system's SKOR (Sperry-Kalrnan Optimal Reset) rout ine serves 
as a f i l t e r  t o  e i t h e r  e l iminate o r  compensate f o r  s a t e l l i t e  f ixes 
which do no t  conform t o  the h i s t o r i c a l  movement o f  the vessel. Ni thout  
LORAC i s  a high accuracy shor t -  
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an i ne r t i a l  system or Loran 'C .  t o  &ad reckon during a pass, the 
velocity e m r  and the effects o f  wind and current w i l l  degrade s y s m  
accuracy. Hen  a gyro c ~ p a s s  and log alp u t i l i z e d  f o r  dead reck- 
oning during a pass only 0.5 t o  1 nautical mile accuracy can be ex- 
pected. 
The primary disadvantages o f  t h i s  syster are the f i x  period, the IP- 
l iance on pass gemetry for accurate fixes, and the requireaent for 
accurate dead reckoning during a pass. The f i x  period i s  such that 
only an average o f  ten usable s a t e l l i t e  passes can be obtained during 
a Wenty four hour period. Sap o f  these usable passes are not of 
optirua al t i tude f o r  maximum accuracys that, between 20° and 45" 
fm the horizon. 
LORAN C and @€GA 
The next systems t o  be &scribed are Loran "C" and oc1E6A. They an? 
simi lar  only i n  that they are radio navigation aids and that they can 
be g t i l i zed  e i ther  i n  the hyperbolic o r  i n  the rho rho (range) RloQ 
of operation. Hen  applied to tracking shfp navigation, they can be 
very useful aids. Unfortunately due t o  a lack o f  data reduction capa- 
b i l t t y ,  the VANGUARD mkes mly l imited use o f  them. Therefore, I 
shal l  describe hon these systems could and should be used to  determine 
the geographic position o f  the ship and fo r  m i t o r i n g  the operation 
o f  the i n e r t i  a1 navigation sys tern. 
M i l e  not as accurate i n  deterdning Qositim as ei ther  the Marine 
S t a r  Tracker c the tiavigation Sate l l i te  System, they have two (2) 
useful characteristics viz.. they provide fixes on a continuous basis 
and the fixes are repeatable. 
a b i l i t y  i s  t o  wi th in f i f t y  (50) feet. M i l e  ORGA does not exhib i t  
the sam repeatabil ity as Loran "C" i t  does provide a s ign i f icant  
improvewent i n  the detenninatim o f  the ship's geographic position. 
By correlation of  the repeatabil ity characteristics o f  Loran "C" and 
ORGA with the accuracy of the Marine Star Tracker ana Navigation 
Sate l l i te  System i t  should be possible t o  achieve, wi th in the ground- 
wave range o f  a Loran "C" chain the determination of the ship's geo- 
graphic position t o  an accuracy o f  less than 0.05 nautical miles, and 
while i n  an WGA environlnent an accuracy t o  wi th in 0.25 nautical 
miles. 
i t  possible to Jr iect  such problem as ginbal servo osci l lat ions o r  
Schuler loop osci 1 lations. 
I n  the case o f  Loran "C" th is  repeat- 
The i n e r t i a l  system monitoring provided by these system makes 
Loran "C" i s  a pulsed hyperbolic radionavigation system t h a t  operates 
i n  the frequency range 90 t o  110 kilo-hertz. The United States Coast 
4 
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Figure 7. Satellite 400 MHz Signal Subjected to Refraction 
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Guard i s  responsible f o r  the operation o f  the Loran "C" chains. That 
agency plans t o  expand the present coverage so t h a t  the e n t i r e  U.S. 
Coastal Confluence Zone ou t  t o  G o  hundmd (ZOO)  naut ica l  mi les i s  
covemd w i t h  an accuracy of 0.25 naut ica l  miles. 
The Loran 'C'  derives i t s  accuraqy frola the t i m e  d i f ference measure- 
lnents of the pulsed s icpa ls  and the! inherent  s t a b i l i t y  o f  l o w  fre- 
quency propagation. Hyperbol ic nav igat ion sys tem operate on the 
p r i n c i p l e  t h a t  the d i f fe rence i n  distance from the p o i n t  o f  observa- 
tion t o  each of the s tat ions.  The locus o f  a l l  po in ts  having the 
sane observed d i f ference i n  distance t o  a p a i r  o f  s ta t ions  i s  a 
hyperbola, ca l l ed  a l i n e  o f  pos i t i on  (LOP). The in te rsec t i on  o f  two 
(2) o r  more LOP'S defines the pos i t i on  o f  the observer. Figure 8. 
A Loran "C" chain consists of a master t ransmi t t ing  s t a t i o n  and two 
(2) o r  m r e  secondary o r  slave transmi t t i n g  s tat ions.  These s ta t ions  
are located i n  geographic pos i t ions so t h a t  the master and two (2) 
secondary s t a t i m s  can be received throughout the desired coverage 
area. The t ransmi t t ing  s ta t ions  t ransmit  groups o f  pulses a t  a 
s p e c i f i c  group r e p e t i t i o n  i n te rva l s  (GRI). The pulse has the shape 
ind icated i n  Figure 9 and i s  t ransmi t ted on a 100 KHz ca r r i e r .  
A minimun GRI is selecte5 o f  s u f f i c i e n t  length so t h a t  i t  contains 
tim f o r  transmission o i  the pulse group f r o m  each s t a t i o n  plus tim 
between each pulse group so t h a t  s ignals  from GO (2) o r  more s ta t ions  
cannot overlap i n  t i m e  anywhere i n  the coverage area. 
respect t o  t i m e  o f  a r r i v a l  o f  the master, a secondary s t a t i o n  w i l l  
delqy i ts awn transmission f o r  a spec i f ied  t i m e  ca l l ed  the secondary 
coding delay. 
Thus w i t h  
Skywaves are echoes o f  the t ransmit ted pulses which a re  re f l ec ted  from 
the ionosphere. These skywaves may a r r i v e  a t  the receiver  between 35 
us t o  1000 us a f t e r  the grounbtaw thus overlapping e i t h e r  i ts  own 
groundwave o r  the grounbrave of the succeeding pulse. To e l im ina te  
the problem o f  the ear ly  a r r i v i n g  skywave the t ime masuremnt  i s  
made on the f i rst  p a r t  o f  the pulse. 
l a t e  a r r i v i n g  skywave the phase of the 100 KHz c a r r i e r  i s  changed 
i n  each pulse group i n  accordance w i t h  a predetermined pat tern.  
To e l im ina te  the problem of the 
l i k e  a l l  navisat ion system the Loran "C" system i s  subject  t o  e r ro rs .  
The sources o f  e r r o r  include the fo l lowing:  
a) Receiver l i m i t a t i o n s  due t o  noise and in ter ference.  
b )  Short-term i n c o n s i s t e n v  o f  the propagating medium. 
c) Synchronization of the t ransmit ted s ignals .  
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LORAN-C CHAIN GRI 
SECOYOAAV 
2 PULSES 
SECONOAA V SECoNoA R V  
AMPLITUDES SHOWN ARE 
TYPICAL FOR LOCATIONS -- IN THE CHAIN COVERAGE 
AREA 
F i n r e  9. Example of Received Loran-C Signal 
1 G  
d) 
e) 
Er ro r  i n  loca t ion  o f  the t ransmi t t i ng  antenna. 
Propa a t i o n  e f f e c t s  due t o  ground conduct iv i t ies  (Secondary 
Phase s . 
f)  
g) 
Veloc i ty  changes o f  the s igna l .  
D is to r t i on  of th? g r i d  due t o  ground anomalies. 
h) Wave-front d i s t o r t i o n  w i t h  a l t i t u d e .  
Continuous c a l i b r a t i o n  o f  the t i m e  d i f fe rence f o r  each master-secondary 
p a i r  i s  provided by the Coast Guard by the maintenance o f  a system 
area monitor. Cesium frequency standards are used a t  each trans- 
m i t t i n g  s ta t i on .  
The OMEGA navigat ion system i s  a wor ld  wide hyperbol ic navigat ion 
system. 
j unc t i on  w i t h  a prec ise and s tab le  i n t e r n a l  o s c i l l a t o r ,  accurate 
distance wasurements t o  the t ransmi t te r  can be made. 
I t can a lso be operated i n  the rho-rho mode, where i n  con- 
Navigation by the OMEGA system depends on the phase s t a b i l i t y  o f  VLF 
s igna l  propagation and the ab i l i t y  t o  p r e d i c t  the phase di f ference a t  
any t i m e  o f  day. 
The OMEGA navigat ion system i s  s i m i l a r  t o  LORAN " C "  on ly  i n  t h a t  they 
are both hyperbol ic rad io  navigat ion systems. 
t o t a l  o f  e i g h t  (b)  t ransmi t te r  s ta t ions  are planned. 
f i v e  ( 5 )  are operat ional .  Two ( 2 )  are e i t h e r  under construct ion o r  
test ing.  
l a s t  s ta t i on .  Fig. 10. 
The e i g h t  (8) s ta t i ons  are designed t o  t ransmi t  i n  a t ime-mult iplexed 
sequence i n  the Very Low Frequency (VLF) range o f  10 t o  14 k i l o h e r t z  
over a 10 second period. The frequencies used are 10.2 KHz, 11 1/3 
KHz and 13.6 KHz. The s ta t ions  are phase locked t o  a comnon standard 
o f  t i r r :  t o  the order of a few par ts  i n  1012. Therefore, the s igna l  
f i e l d  phase i s  s ta t ionary  a t  any masureable po in t .  
phase angle between any two t ransmi t te rs  i s  dependent up00 the d is -  
tance between the rece iver  and the t ransmi t te r .  The sdme phase angle 
i s  observed a t  a l l  po in ts  t h a t  have the same dif ference i n  distance 
from the t ransmi t t i ng  s ta t ions .  
contour o f  constant phase (isophase) f ixed on t h e  surface w i t h  respect 
t o  the t ransmi t te rs .  These isophase contours represent a fa l i i i ly  o f  
hyperbol ic lanes. A s ing le  l i n e  o f  pos i t i on  (LuP) i s  defined by a 
p a i r  o f  s ta t i ons .  A second l i n e  o f  p a i t i o n  (LOP) i s  required t o  
To cover the globe a 
O f  the e i g h t  ( 8 ) ,  
A s p e c i f i c  geox:-aphic l oca t i on  has no t  been selected f o r  the 
The r e l a t i v e  






















determine a f i x .  F i g .  11. 
I n  rho-rho operations, the phase of the received s igna l  i s  compared 
t o  phase genei5ated by the observors cesium frequency standard. Only 
two (2) s ta t ions  w i t h  apl;ropriate LOP'S dre requi red b u t  the departure 
p o i n t  and continuous operatior; are a necessity. 
Two (2) s i g n i f i c a n t  problems w i t h  the  O E G A  navigat ion system are i t s  
overall accuracy which i s  i n  the  order of 1 t a  2 nau t i ca l  miles and 
the lane aribiguity problem. 
The sources t h a t  con t r ibu te  t o  e r r o r  o f  the OMEGA nav isa t ion  system 
are : 
(a) Diurnal E f fec t  - The d iu rna l  e f f e c t  i s  caused by the sun's 
pos i t i on  which effects the  he igh t  and shape o f  the ionosphere 
which by day lowers the h e i g h t  o f  the i o n i z a t i o n  region 
thereby i ncmas ing  the phase ve loc i t y .  The converse takes 
place a t  n igh t .  The d iu rna l  e f f e c t  i s  seasonal and non- 
l i n e a r  durin; t r a n s i t i o n .  
(b)  Ground Conduct iv i ty - The conduct iv i t y  o f  the ear th  d i r e c t l y  
a f fec ts  the phase ve loc i t y  o f  OMEGA s ignals .  This i s  
espec ia l l y  t rue  where the s igna l  path i s  through po la r  
regions where the at tenuat ion through i c e  i s  h igh and there 
i s  a subsequent s lav ing  of the phase ve loc i t y .  
Frequency - The use of t h e  d i f f e re f i t  frequencies r e s u l t  i s  
e r ro rs  because the propagration i n  the VLF spectrum i s  non- 
l i n e a r .  
( c )  
(d)  Ear th 's  Magnetic F i e l d  - The ear th 's  ciaglretic f i e l d  e f f e c t s  
t h e  attenuat ion ra te  and w la t i  ve phase ve loc i t i es .  
OKGA l a t t i c e  tables and OMEGA propagation cor rec t ion  tables are issued 
by the Defense Mapping Agency Hydroyraphi c Center. 
The lane arrbiguity problem s t e m  from the nature of the OMEGA system. 
A p a i r  o f  t ransmi t ters  s e t  up standing waves between the two ( 2 )  
t ransmi t te rs .  Zero phase contours represent one h a l f  wavelenghts a t  
the transm'tted frequencies. Because the LOP can l i e  between any 
consecutive zero phase contours o r  lane the i d e n t i f i c a t i o n  o f  the pro- 
per lcine becomes necessary. This can be accomplished by maintaining 
a continuous OVEGA lane count, by a l te rna te  means o f  ob ta in ing  pos i t i on  
f i xes ,  o r  by mu l t i p le  frequency operation. 
continuous lane count over long per iod  of t i m e  i s  d i f f i c u l t ,  i f  no t  
The maintenance of a 
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Figure 11. Omega Lines of Position 
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impossible. 
pos i t ion ,  inalfsnctiori o f  the rece iver  or of the t ransmi t ter ,  change 
froiri one p a i r  of  s ta t ions  t o  another, or  attrospheric noise a l l  tend 
t o  cause loss of proper lane count. 
pos i t io f i  f i xes  are ava i lab le  on the VANGUARD b u t  most conmercial 
vessels depend on the sextant, chronometer, and tables t o  determine 
an accurate f i x .  Weather condit ions may precl3de the Gbtaining o f  
such a f i x  f o r  long  periods c f  t fm.  U i t h  on ly  one frequency (10.2 
KHz), the cser must k n m  h i s  pos i t i on  t o  w i t h i n  24 nau t i ca l  miles. 
When the 10.2 KHz frequency i s  ued i n  conjunction w i t h  the 13.6 
KHz frequency, constant lane contours appear a t  every fou r th  zero 
phase f o r  the 13.6 KHz frequency and every t h i r d  contour fo r  the 10.2 
KHz. This resu l t s  i n  a wide lane three times the s i n g l e  lane width.  
By comparison o f  tfte LOP f o r  the two (2 )  frequencies, a unique LOP 
i s  defined w i t h i n  the wide lane. A known p L - i t i o n  t o  +12 nau t i ca l  
miles i s  then required t o  i n i t i a t e  OMEGA l a p  counting- This same 
tecnnique cat? be expanded using 11 1 / 3  KHz where the unambigious lane 
width of 72 nau t i ca l  n i l e s  thus requires the navigator t o  know h i s  
pos i t i on  w i t h i n  - +36 nau t i ca l  mi les.  
Weak s igna l  s t renqth  of the t ransmi i  t e r  a t  the observer's 
A l te rna te  mans o f  obtaining 
Fig. 12. 
TIME and FREQUENCY 
Before concluding, l e t  me review how time and frequency are used i n  
the SPAMS. 
i n  order t o  synchronize the MINDAC w i t h  the sh ip 's  instrumentation. 
Provision i s  mdde t o  automat ical ly switch t o  the computer's i n te rna l  
clock should there be any f a i l u r e  o f  the sh ip ' s  t im ing  system. 
The SINS u t i l i z e s  1 PPS and 10 PPS from the  t iming system 
Star  Fixes requi re an accurate knowledge of rea l  tine. Because one 
second of t i m e  i s  equivalent t o  f i f t e e n  seconds o f  a rc .  rea l  t i m e  must 
be known t o  an accuracy o f  f i f t y  mil l iseconds if posit ' ton er ro rs  due 
t o  time are t o  be less than one second o f  arc. The MTdDAC receives 
two pulse t ra ins  from the t im ing  system 100 PPS IRIG B and 2 PPM. 
The I R I G  B i s  n o t  used d i r e c t l y  bu t  ins tead u t i l i z e s  the basic 100 PPS 
ra te  t o  provide the basic source o f  r e a l  t i m e .  
vides a reso lu t ion  o f  10 mi l l iseconds i n  rea l  time. The 2 PPM i s  used 
as the r e p e t i t i o n  ra te  f o r  counting the 100 PPS pulses. 
The 100 PPS ra te  pro- 
The Navigation S a t e l l i t e  System uses a basic 5 MHz s igna l  source fo r  
the doppler counting func t ion  i n  the receiver .  Any e r r o r  i n  t h i s  
s igna l  source w i l l  r e s u l t  i n  a p o s i t i  71 e r r o r .  A frequency standard 
w i th  an accuracy o f  a f ? w  par ts  i n  10 i s  required. 
Loran 'C' and OMEGA requi re  the accuracy o f  a c rys ta l  frequency 
standard when used i n  the hyperbol ic mode. 
mode, a Cesium frequency standard i s  required. 
I n  the rho-rf!c o r  range 
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Figure 12. Principles of Lane Resolution 
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QUESTION AND AYSWER PERIOD 
MR. RUEGER: 
I would s a y  you have  had a v e r y  t h o r o u g h  rundown of a l l  t h e  
n a v i g a t i o n  a . ids  t h a t  are  a v a i l a b l e  t o d a y  on  a modern s h i p .  
DR. REDER: 
You l i s t ed  f r e q u e n c y  d i s p e r s i o n  as a n  error f o r  t h e  Omega 
s y s t e m .  I s a y  t h i s  d i s p e r s i o n  is a b l e s s i n g  b e c z u s e  i f  t h e  
d i s p e r s i o n  d i d  n o t  e x i s t ,  you c o u l d  n o t  e l i m i n a t e  propaga- 
t i o n  e r rors  by r e c e i v i n g  t w o  f r e q u e n c i e s ,  so  loiig l i v e  
d i s p e r s i o n ,  and  I t h i n k  i t  s h o u l d  b e  t a k e n  o u t  o f  y o u r  
s o u r c e s  o f  error. 
MR. McKENNA: 
N o  comenc on t h a t  one.  
C h i ,  Goddard Space  F l i g h t  C e n t e r .  
I n  t h e  case o f  Omega n a v i g a t i o n  s y s t e m ,  I t h i n k  p r o b a b l y  i t  
s h o u l d  be  p o i n t e d  o u t  t h a t  i t  is VLF, however ,  t h e r e  is a 
d i u r n a l  problem i n v o l v e d  f o r  n a v i g a t i o n ,  b u t  t h e  long range 
proper ty  s h o u l d  be b r o u g h t  o u t .  T h a t  is t h e  s u p e r i o r  p r o p e r t y  
f o r  t h e  n a v i g a t i o n  s y s t e m  a s  compared t o  o t h e r  t e c h n i q u e s .  
MR. MC KENNA 
Well, t h e  a d v a n t a g e  o f  Omega is t h a t  i t  is w c r l d w i d e .  
Loran C is l imi ' ied i n  g e o g r a p h i c  area.  T h e r e  a re  o t h e r  
s y s t e m s ,  l i k e  d i f f e r e n t i a l  Omega t o  improve  y o u r  accuracy. 
L e t  m e  g e t  i n t o  d i f f e r e x i t i a l  Omega. A c t u a l l y  i t  is m e r e l y  
a b i a s .  I f  you have  some l oca l  means of o b t a i n i n g  p o s i t i o n  
on t h e  s h i p  i t s e l f ,  l i k e  Navsa t  or t h e  S t a r  T r a c k e r ,  you 
can a c t u a l l y  d e t e r m i n e  what your p r o p a g a t i o n  b i a s  is. 
Normal ly ,  when p e o p l e  t h i n k  o f  d i f f e r e n t i a l  Omega, t h e y  
t h i n k  o f  a l and-based  s t a t i o n  which t r a n s m i t s  a b i a s e d  or  
a p r o p a g a t i o n  b i a s  for t h e  u s e r .  I t  is a good s y s t e m ,  b u t  
i t  h a s  l i m i t a t i o n s ,  e s p e c i a l l y  i f  y o u  lose l a n e  c o u n t .  
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DR. COSTAIN: 
C o s t a i n ,  NRC. 
I e n j o y e d  v e r y  much t h i s  c o m p a r a t i v e  s t u d y  o f  t h e s e  s y s t e i z s .  
I would l i k e  t o  s u a g e s t  i n c l u s i o n  o f  a n o t h e r  s y s t e m .  I 
s u f f e r e d  a momentary d i s a p p o i n t m e n t  i n  c o n f u s i n g  n a n o m e t e r s  
and n a u t i c a l  m i l e s ,  sa I hope t h e  metric s y s t e m  w i l l  be 
i n c l u d e d  before too l o n g .  
MR. MC KEGNA: 
I l e a r n e d  n a u t i c a l  m i l e s .  
DR. KLEPCZYNSKI: 
I have  a q u e s t i o n  on t h e  S t a r  T r a c k e r .  You q u o t e d  errors 
t h e r e  o f  about 0 .5  n a u t i c a l  miles. Is t h a t  s y s t e m  d e s i g n  
e r r o r ,  or  a c t u a l l y  h a v e  you t r i e d  t o  u s e  i t  t o  g e t  t h a t  
a c c u r a c y ?  
MR. MC KENNA: 
I t  is i n  u s e  p r e s e n t l y ,  and w e  ge t  a c c u r a c i e s  of 0 .5  
n a u t i c a l  miles. ? h e  s y s + e m  is operat ional .  
DR. KLEPCZYNSKI: 
Okay. I have  a q u e s t i o n  t h e n .  Do you a c c o u n t  f o r  DUT-l? 
How d o  YOU g e t  i t  or  make use of i t?  
MR. MC KEKNA: 
I am n o t  f a m i l i a r  w i t h  t h e  DUT-1. 
DR.  ELEPCZYNSKI: 
Tha t  is t h e  d i f f e r e n c e  b e t w e e n ,  s a y ,  t h e  u n i f o r m  r ’  u n i -  
v e r s a l  t i m e  c o o r d i n a t e d  and t h e  a c t u a l  t i m e  of the r o t a t i o n  
of t h e  e a r t h ,  DUT-1, which  I assume you must be r e f e r r i n g  
you? a n g u l a r  measures o f  t h e  s t p r  s y s t e m  t o .  
MR. MC KENNA: 
We u s e  t h e  s h i p ’ s  t i m i n g  s y s t e m .  We are u s i n g  t h e  s h i p ’ s  
t i m i n g  s y s t e m  f o r  a l l  o u r  t i m i n g  r e f e r e n c e s .  
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MR. RUEGER: 
You f a i l e d  t o  men;ion t h e  area of o p e r a t i o n s  of Vai.g7 a r d ,  I 
b e l i e v e .  Can you i d e n t i f y  i n  what par t  of t h e  world you 
want  t o  operate? 
hlR.  MC KENNA: 
The Vanguard  operates i n  a l l  p a r t s  of t h e  u o r l d .  A t  t h e  
p r e s e n t  t i m e ,  i t  is i n  t h e  I n d i a n  C c e a n ,  a n d  h a s  b e e n  f o r  
a b o u t  s i x  mon ths .  
MR. RUEGER: 
You m e n t i o n e d  t h e  d e f l e c t i o n  of t h e  v e r t i c a l .  I wondered  
i f  you had gooci enough da ta  i n  t h a t  p a r t  of t h e  world t o  
do t h e  S t a r  T r a c k i n g  t o  t h i s  a c c u r a c y .  
MR. MC KENNA 
A c t n a l l y ,  i t  is o n e  of t h e  errors w e  d o n ' t  know. The error 
g e n e r a l l y  is a b o u t  t h e  a c c u r a c y  of a b a u t  ?O s e c o n d s ,  b u t  
r e a l l y  i t  does n o t  s i g n i f i ~ a n t l y  e n t e r  t h e  p i c t u r e .  I 
c o u l d ,  a n d  i t  does where w e  r u n  i n t o  t h e  s i t u a t i o n  where  
t h e  s h i p  is n e h r  a l a n d  mass. You c a n  a c t u a l l y  t e l l  by 
what  h a p p e n s  t o  t h e  i n e r t i a l  s y s t e m  t h a t  t h e  s h i p  is g o i n g  
o v e r  ~l sea m o u n t a i n  o r  s o m e t h i n g  of t h a t  n a t u r e .  We h a v e  
t o  reca l ibra te  t h e  s i n s  b e c a u s e  of i t .  
MR. RUEGER: 
I n  o rder  t o  meet t h e  r e q u i r e m e n t s  you l a i d  o u t  of a .75 
n a u t i c a l  mile,  by what methcci c a n  you j u s t i f y  t o  y o u r s e l f  
t h a t  you h a v e  r ea l i zed  t h i s  p e r f o r m a n c e  in al l .  pe2ints  of 
t h e  w o r l d ?  
MR. MC KENNA: 
We have  r u n  t e s t s  w i t h  t h e  Vanguard  a n d  o f f  thc, F l o r i d a  
Coast. T h e r e  are two Loran  n e t w o r k s  down t h e r e ,  t h e  b n e t  
a n d  t h e  B n e t .  P e r i o d i c a l l y  w e  d o  check  o u t  a l l  t h e  s y s -  
tems t o  see t h a t  t h e y  a r e  worki-g p r o p e r l y ,  .ind w e  d o  
a c h i e v e  t h a t  a c c u r a c y ,  As a maiter of f a c t , m o s t  of o u r  
a c c u r a c y  is less t h a n  .5 n a u t i c a l  miles. 
h!R. RUEGER: 
T h a t  is ra ther  a l oca l  g e o g r a p h i c a l  r e g i o n .  I wonder  i f  
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you can extrapolate that  w e l l .  
MR. HC KENNA: 
I think w e  can.  The d e f l e c t i o n  of t h e  v e r t i c a l  is going 
to cause an error, but it rill cause an error l i k e  .1 
nautical m i l e s ,  something of t h a t  nature.  
26 
REFERENCES 












N. i h i 3 i  tcn, A e r i c a l  P r a c t i c a l  Navisator,  US Javy tiydrographic 
d f f i c t  1962 
R .  Parvin,  I n e r t i ? l  k iv iga t ion ,  G Van Nostrand 1962 
G. Ounlap and A. Snufe ld t ,  Dutton‘s Navisation and P i l o t i n g ,  
FSil !ravi:rjati on Stlbsys tes. :Sperrq’ Gyroscope Co) iJAVSnIPS 0652-004-’r, 
Savant e t  a l ,  Pr inc ip les  of I n e r t i a l  Navigatiop, ivlcGraw h i l l  1961 
H. Tu!-cey , OrlEGil Navigation, rjorthrop Corporation (uplib1 isned)  
D. Daniel, L O W  Navigation, iiorthrop Corporation (unpublished) 
I n e r t i a l  iiavi ya t ion ,  Sperry Gyroscope Corpordtion (unpublished) 
A.  Gelb, Synthesis o f  Very Accurete Aaviyation Systeirts, 
C. Sangiovanni and J .  Moryl, Mixed I n e r t i a l  Navisation Sys tem fo r  
lis ;iaval I n s t i t u t e  1972 
IEEE Jane 1965 
Surface E f f e c t  S h i p s ,  Journdl of  the  I n s t i t u t e  o f  i iavisat ion,  
Vol . 21 No. 1 
J .  Ryerson, Derivation o f  Circular  Fixes i n  Hyperbolic Navigation 
C.  Kelley,  Use o f  LORAN i n  the Ranye - Range Mode, Journal o f  the  
S f s t e m ,  Journal o f  the I n s t i t u t e  o f  Navigation Vol. 15 bo. 4 
I n s t i t u t e  of Navigation, Vol. 16 No. 4 
13. Satel  1 i te Doppleb- Navigation Sys t e n  Model 4007AC I ITT Aerospace, 1968 
